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ABSTRACT 
 
Fire resistance of cold-formed light gauge steel frame (LSF) wall systems is enhanced by lining them with 
single or multiple layers of wall boards with varying thermal properties. These wall boards are gypsum 
plasterboards or Magnesium Oxide (MgO) boards produced by different manufacturers. Thermal properties of 
these boards appear to show considerable variations and this can lead to varying fire resistance levels (FRL) for 
their wall systems. Currently FRLs of wall systems are determined using full scale fire tests, but they are time 
consuming and expensive. Recent research studies on the fire performance of LSF wall systems have used finite 
element studies to overcome this problem, but they were developed based on 1-D and 2-D finite element 
platform capable of performing either heat transfer or structural analysis separately. Hence in this research a 3-D 
finite element model was developed first for LSF walls lined with gypsum plasterboard and cavity insulation 
materials. Accurate thermal properties of these boards are essential for finite element modelling, and thus they 
were measured at both ambient and elevated temperatures. This experimental study included specific heat, 
relative density and thermal conductivity of boards. The developed 3-D finite element model was then validated 
using the available fire tests results of LSF walls lined with gypsum plasterboard, and is being used to 
investigate the fire performance of different LSF wall configurations. The tested MgO board exhibited 
significant variations in their thermal properties in comparison to gypsum plasterboards with about 50% loss of 
its initial mass at about 500 ºC compared to 16% for gypsum plasterboards. Hence the FRL of MgO board lined 
LSF wall systems is likely to be significantly reduced. This paper presents the details of this research study on 
the fire performance of LSF wall systems lined with gypsum plasterboard and MgO board including the 
developed 3-D finite element models, thermal property tests and the results. 
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INTRODUCTION 
 
Cold-formed LSF wall frame systems are widely adopted in contemporary buildings due to higher strength-to-
weight ratio, better durability, enhanced thermal comfort, light-weight, aesthetic appearance, and cost 
effectiveness compared to hot-rolled steel frame systems. Fire resistance of LSF wall systems is an important 
factor in preventing the spread of fire and eventually the building collapse due to material degradation of cold-
formed steel at elevated temperatures. This can be achieved by having single or multiple layers of wallboards on 
both sides of the LSF wall to prevent the steel studs from being heated to failure temperatures. 
 
Fire performance of LSF wall systems can be understood by performing full-scale fire tests. Many experimental 
research studies have been performed on various LSF wall configurations exposed to fire. However, these full-
scale fire tests are time consuming and expensive. On the other hand, finite element analysis (FEA) provides a 
simple way of investigating the fire performance of different LSF wall systems and understanding their thermal-
mechanical behaviour. Recent numerical research studies have focused on investigating the fire performances of 
LSF wall systems by using finite element methods. Most of these methods were developed based on 2-D FE 
platform capable of performing either heat transfer or structural analysis separately.  
 
Recently, researchers have mainly focused on understanding the fire behaviour of different LSF wall system 
configurations while incorporating new strategies to improve the fire performance (i.e. increase the FRLs). 
These strategies were experimentally and numerically evaluated by incorporating different stud sections 
(Kesawan and Mahendran, 2015), adding more plasterboard layers (Sultan and Kodur, 2000), changing the type 
of wall boards from conventionally used gypsum plasterboards to MgO boards and calcium silicate boards 
(Chen et al., 2012), using enhanced plasterboards by additives and fillers (Keerthan and Mahendran, 2013), 
including external or sandwiched insulation between two plasterboards (Kolarkar 2010), including different 
insulation materials with varying thickness and materials such as rock, glass, and cellulose fibre insulation 
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materials (Gunalan, 2011) and evaluating the difference between realistic and standard fire curves 
(Ariyanayagam, 2013).  
Measured data from experimental investigations need to be evaluated with the use of numerical analysis results. 
Validated numerical models can then be used to perform parametric analysis by changing the configurations of 
LSF walls with different components. This will enable better understanding of the research problem. Different 
types of finite element modelling and analysis software are currently available. In recent research studies, 
SAFIR and Abaqus were extensively used and are the most commonly used FE software to investigate the 
thermal performances of LSF wall systems. The information related to these studies can be found in Nassif et al. 
(2014), Keerthan and Mahendran (2012), Shahbazian and Wang (2013) and Feng et al. (2003). 
  
This research is focused on investigating the fire performance of LSF wall systems by using 3-D heat transfer 
finite element (FE) models of existing LSF wall system configurations. The analysis results were validated by 
comparisons with available fire test results of five different load bearing LSF wall configurations. The 
fundamental understanding of the thermal performance of LSF wall systems was improved by using newly 
validated 3-D finite element models. Accurate thermal properties of LSF wall components, especially those of 
wall boards are essential for FE modelling, and thus they were measured at both ambient and elevated 
temperatures in this research study. This experimental study on thermal properties included specific heat, 
relative density and thermal conductivity of LSF wall boards such as gypsum plasterboard and MgO board. 
 
 
3-D FE MODEL DEVELOPMENT AND VALIDATION 
 
Overview 
 
Fire performance of LSF wall systems has been widely investigated using full-scale fire tests and then compared 
with FEA results. Many research studies used a simplified approach to simulate the test results. This simplified 
approach was mainly based on 1-D and 2-D uncoupled FE models, which were developed with appropriate 
thermal-mechanical properties for LSF wall components such as wall boards, cavity insulation and studs as well 
as boundary conditions such as convection and radiation. However, the effects of wall board configurations, 
cavity shapes, stud shapes, noggings, service holes in studs, partially fire exposed LSF walls and different 
boundary conditions will develop non-uniform temperature profiles across the LSF wall during a fire event, and 
thus 1-D or 2-D model are not suitable. Therefore, in this study, a 3-D FE modelling approach was developed 
and validated with full-scale fire test results. The newly developed FE thermal models can be fully coupled to 
the structural modelling of the studs, which is an advantage of using the newly developed 3-D FE models. This 
section presents the details of the FE thermal model development and validation using Kolarkar’s (2010) test 
results for different LSF wall configurations with gypsum plasterboards and with and without cavity insulation. 
These configurations were simulated using 3-D heat transfer models developed using Abaqus/CAE Version 
6.13. The thermal properties used in the 3-D FEA are discussed next. 
 
Thermal Properties of Conventional LSF Wall Components Used in FEA 
 
Gypsum Plasterboard 
 
An important aspect of FE thermal model validation is the appropriate use of thermal properties for the 
components. Therefore, measured thermal properties of gypsum plasterboard were used in the FE models with 
linear curve approximation to the actual measured properties. The linear curve approximation was adopted to 
avoid overloading the analysis with more data points and also to reduce the analysis time. The measured and 
proposed specific heat, thermal conductivity and density are shown Figures 1 to 3. Figure 1 shows the measured 
and proposed specific heat variation in gypsum plasterboard. Gypsum plasterboard exhibits two specific heat 
peaks of 17,500 and 13,500 J/kg/°C at 140 and 170 °C, respectively. This is mainly due to the dehydration of 
chemically bound water inside the gypsum plasterboard. Therefore, gypsum plasterboard will absorb heat and 
delay the temperature rise when exposed to fire during these peak temperatures. 
 
Figure 2 shows the measured and proposed thermal conductivity of gypsum plasterboard. The measured thermal 
conductivity value of gypsum plasterboard at ambient temperature is approximately 0.2 W/m/oC. This value 
reduces during the dehydration processes. However, after complete dehydration of water at about 200 oC, the 
thermal conductivity was proposed to increase to 0.3 W/m/ºC at 800 ºC. This increase is due the burning of 
gypsum plasterboard outer layers, which is made of paper. It was further modified after this temperature in order 
to include the effect of ablation and cracking in gypsum plasterboard after 800 ºC. Figure 3 shows the relative 
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density of gypsum plasterboard, which shows a mass loss of about 16 % during the dehydration process. After 
this process, the relative density remains unchanged. 
 
   
Figure 1 Gypsum plasterboard 
specific heat 
Figure 2 Gypsum plasterboard 
thermal conductivity 
Figure 3 Gypsum plasterboard 
density 
 
Steel 
 
Thermal properties for steel were obtained from Eurocode 3: Part 1-2 (BS EN 1993-1-2:2005). The specific heat 
and thermal conductivity profiles are shown in Figures 4 and 5. The density of the steel remains constant at 
7,850 kg/m3 at all temperatures.  
 
Insulation 
 
The measured thermal properties for glass fibre, rock fibre and cellulose fibre insulation materials reported in 
Keerthan and Mahendran (2012) were used in FEA.  They proposed constant specific heat values of 900, 840 
and 1250 J/kg/ºC and density values of 15.42, 100 and 125 kg/m3 for glass fibre, rock fibre and cellulose fibre 
insulation material, respectively. However, the conductivity values varied with temperature as shown in Figure 
6. As the glass fibre melts at about 600–700 ºC, it was assumed to increase from 0.6 to 10 W/m/ºC after 600 ºC. 
 
   
Figure 4 Specific heat of steel Figure 5 Thermal conductivity of 
steel 
Figure 6 Insulation materials 
thermal conductivity 
 
FEA Model Configurations 
 
This section presents the details of FE model development and validation using Kolarkar’s (2010) fire test 
results for LSF wall systems with five different configurations of 16 mm gypsum plasterboards and lipped 
channel studs (90×40×15×1.15 mm) spaced at 600 mm as listed in Table 1. The tests were conducted for 2.4 m 
× 2.1 m LSF walls exposed to standard fire time-temperature curve on one side. These five tests are referred to 
as Models 1 to 5 in FEA. 
 
Table 1 LSF wall configurations tested by Kolarkar (2010) 
Model No. Configuration Insulation Board Configuration Failure Time 
1  None Single board 54 
2  None Double board 111 
3  Glass Fibre Double board 101 
4  Rock Fibre Double board 107 
5  Cellulose Fibre Double board 110 
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FEA Modelling Strategies 
 
The 3D FE models of the above LSF wall configurations were developed in Abaqus/CAE Version 6.13 with 
only two middle studs and gypsum plasterboards as shown in Figure 7. The other studs were replaced with 
gypsum plasterboards, because only the middle two studs are the critical studs in the tests. Considering the 
symmetry of the test specimens, the model was rescaled to 0.6 m height to reduce the analysis time. All the LSF 
components were modelled using 8-node linear heat transfer brick elements (DC3D8). A mesh density of 50 
mm on the x-y plane and 2 mm through thickness mesh of the model components was selected based on a 
sensitivity analysis of Models 1 and 2 and comparison of stud and plasterboard time-temperature profiles. 
 
  
Figure 7 3-D FE model of LSF wall (Model 2: LSF wall lined with double plasterboards) 
 
Boundary Conditions 
 
There are three major heat transfer modes in FEA, named as conduction, convection and radiation. The 
conduction effect was defined using appropriate conductivity values as discussed earlier. The convection heat 
transfer was defined by assigning convective film coefficients of 25 and 10 W/m2/ºC on the fire and ambient 
sides, respectively. This value was selected based on the values proposed in past research studies (Keerthan and 
Mahendran, 2012). Finally, the radiation heat transfer was defined by assigning an emissivity value of 0.9 on all 
the surfaces of LSF walls. The wall’s top, bottom and sides were assigned with no boundary conditions, thus no 
heat transfer occur through them. In addition to these boundary conditions, the LSF wall components modelled 
using heat transfer solid elements (DC3D8) were connected using tie constraints to ensure solid-solid heat 
transfer between them. 
 
Standard fire curve was defined as an amplitude curve following a time-temperature profile based on ISO 834, 
where θ = 345log 10(8t + 1) + 20 (θ – temperature and t – time). This was assigned to the fire exposed side as 
boundary condition. The sink temperature for the fire side was assigned to follow the fire curve, whereas a room 
temperature value of 23 ºC was assigned on the ambient side of the gypsum plasterboards. The Stefan-
Boltzmann constant (𝜎) of 5.67×10-08 W/m2/ºC4 was also assigned to the FE model. In addition to the above 
boundary conditions, the models without interior cavity insulation materials were modelled in Abaqus/CAE 
using closed cavity radiation in enclosures. The cavity surfaces enclosed by the LSF wall components were 
selected first and then a cavity radiation emissivity of 0.9 was assigned to those surfaces.  
 
FEA Results and Discussion 
 
The 3D FE model were analysed until the LSF wall failure times reported by Kolarkar (2010), which were given 
in Table 1. Temperature contours obtained from FEA for Model-3 are shown in Figure 8. The experimental 
average time-temperature profiles (hot flange - HF, web and cold flange - CF) of the middle two studs were 
plotted with the FEA results in Figures 9 to 13. In addition, the average time-temperature profiles measured on 
the plasterboard surfaces of the wall (Fire side – Fire, Fire side cavity surface – Fire-In, Ambient side cavity 
surface – Amb-In, Ambient side – Amb) were also plotted with FEA results in Figures 14 to 18. The results 
showed a very good agreement between the experimental and FEA results for all five LSF wall configurations. 
The 3D heat transfer FE models were able to capture the transient temperature profiles with good accuracy and 
most importantly, the hot flange temperature values were predicted with very good accuracy at the failure time.  
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The failure times observed during the fire tests of LSF wall configurations 1 to 5 were 54, 111, 101, 107 and 
110 minutes, respectively (refer Table 1). Therefore, these validated FE models can be used to accomplish 
further research on different wall configurations. In addition, the failure times of non-load bearing and load 
bearing LSF walls can be predicted using these models based on a limiting temperature approach. Finally, these 
models can be utilized by changing the material properties to investigate other available LSF wall components 
such as different wall board (MgO board, cement fibre board and perlite board) and cavity insulation materials.  
 
 
(a) Model temperature contours at 120 min 
 
   
(b) Stud temperature contours at 60, 90 and 120 min 
Figure 8 Temperature contours of Model 3 (Double plasterboard lined LSF wall with glass fibre cavity 
insulation) 
  
Figure 9 Stud time-temperature profiles of Model 1 
 
Figure 10 Stud time-temperature profiles of Model 2 
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Figure 11 Stud time-temperature profiles of Model 3 
 
Figure 12 Stud time-temperature profiles of Model 4 
 
  
Figure 13 Stud time-temperature profiles of Model 5 
 
 
Figure 14 Plasterboard time-temperature profiles of 
Model 1 
 
  
Figure 15 Plasterboard time-temperature profiles of 
Model 2 
 
Figure 16 Plasterboard time-temperature profiles of 
Model 3 
 
  
Figure 17 Plasterboard time-temperature profiles of 
Model 4 
 
Figure 18 Plasterboard time-temperature profiles of 
Model 5 
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THERMAL PROPERTIES OF MGO BOARD 
 
A commonly used MgO board that is currently available in the Australian market was used in the preliminary 
experimental studies of this research.  
 
Specific Heat 
 
Specific heat values of five samples taken at different locations of the MgO board were measured as shown in 
Figure 19. The first peak of specific heat variation occurs at about 120 ºC with a specific heat value of about 
10,000 J/kg/ºC. This specific heat value almost remains constant with minor peaks up to 275 ºC. As stated by 
Chen et al. (2013), this is due to the dehydration reactions within the MgO board (5Mg(OH)2.MgCl2.8H2O Æ 
5Mg(OH)2.MgCl2 + 8H2O). After this, a sharp peak with a specific heat value of about 35,000 J/kg/ºC occurs at 
about 375 oC. This shows that a major chemical reaction occurs during that period, which was illustrated by 
Chen et al. (2013) as the hydrolysis (5Mg(OH)2.MgCl2 Æ 4Mg(OH)2 + 2MgO + 2HCl) and pyrolysis reactions 
(Mg(OH)2 Æ MgO + H2O).  
 
Relative Density 
 
The relative density variation of five samples taken from the same MgO board is shown in Figure 20. The 
ambient density of the MgO board was about 1025 kg/m3. It appears that MgO board loses over 25% of its 
initial mass until it reaches a temperature of about 350 ºC. A sudden drop in relative density occurs between 350 
and 400 ºC, where the initial mass is further reduced by approximately 20%. This higher mass loss occurred due 
to hydrolysis reaction as highlighted in the specific heat test results. After that, another 5% reduction can be 
observed when the temperature reached 530 ºC. The total loss of mass in the MgO board samples is 
approximately 50% of the initial mass. Such higher loss of mass in MgO board may lead to shrinkage and 
cracks, which may affect the fire performance of MgO board lined LSF wall systems.  
 
Thermal Conductivity 
 
Figure 21 shows that MgO board has a thermal conductivity of 0.45 W/m/°C at room temperature. At elevated 
temperatures, the overall thermal conductivity values decreased to 0.12 W/m/°C at an average temperature of 
about 200 °C due to dehydration reactions. An attempt was made to conduct a thermal conductivity test on the 
MgO board at 450 °C. However, it could not be completed due to bending of the specimen when heated to the 
desired temperature as the contact between the hot plate and the specimen was not achieved. Further tests are 
needed for the MgO board at elevated temperatures to better understand their fire performance.  
 
   
Figure 19 Specific heat Figure 20 Relative density Figure 21 Thermal conductivity  
 
Discussions 
 
Thermal property tests showed that the selected MgO board loses about 50% of its initial mass, which will affect 
its fire performance. The effect of this higher mass loss will be detrimental to the fire performance of LSF walls 
lined with MgO boards. Therefore, further research is needed using other available MgO boards to investigate 
their thermal properties at elevated temperatures. Preliminary FE analyses using the 3-D modelling approach 
and the measured thermal properties of MgO board indicate inferior fire performance of LSF wall lined with 
MgO board. Fire tests need to be conducted for LSF walls lined with MgO board to further investigate these 
findings. 
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CONCLUSIONS 
 
This research paper has presented detailed 3-D FE model development strategies and validation of FEA results 
using the measured time-temperature profiles in an experimental study of five different LSF wall configurations 
lined with gypsum plasterboard. In addition, thermal properties of gypsum plasterboard and MgO board were 
also measured to investigate its potential to be used in LSF walls. The following conclusions can be made from 
this research study.  
  
x The 3-D FE model developed using Abaqus/CAE with measured thermal properties of gypsum 
plasterboard was able to accurately predict the transient time-temperature profiles. These 3-D FE models 
can be used as a benchmark for further parametric studies with different LSF wall configurations based 
on different types of boards, cavity insulation materials and different stud sections.  
x Thermal property tests showed that MgO board loses about 50% of its initial mass compared to 16% of 
mass in gypsum plasterboard, which will affect the fire performance of LSF walls lined with this type of 
MgO board.  
x Preliminary analyses using the 3-D modelling approach and the measured thermal properties of MgO 
board indicate inferior fire performance of LSF wall lined with MgO board. Fire tests need to be 
conducted for LSF walls lined with MgO board to further investigate these findings. 
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